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ABSTRACT. 4,7-Dioxosebacic acid (4,7-DOSA) is an active site-directed irreversible inhibitor of porpho-
bilinogen synthase (PBGS). PBGS catalyzes the first common step in the biosynthesis of the tetrapyrrole
cofactors such as heme, vitamigpBand chlorophyll. 4,7-DOSA was designed as an analogue of a proposed
reaction intermediate in the physiological PBGS-catalyzed condensation of two molecules of 5-amino-
levulinic acid. As shown here, 4,7-DOSA exhibits time-dependent and dramatic species-specific inhibition
of PBGS enzymes. I£§3 values vary from uM to 2.4 mM for humanEscherichia coli Bradyrhizobium
japonicum Pseudomonas aerugingsand pea enzymes. Those PBGS utilizing a catalyt®&"Zzme more
sensitive to 4,7-DOSA than those that do not. Weak inhibition of a human mutant PBGS establishes that
the inactivation by 4,7-DOSA requires formation of a Schiff base to a lysine that normally forms a Schiff
base intermediate to one substrate molecule. A 1.9 A resolution crystal struckureatifPBGS complexed

with 4,7-DOSA (PDB code 118J) shows one dimer per asymmetric unit and reveals that the inhibitor
forms two Schiff base linkages with each monomer, one to the normal Schiff base-forming Lys-246 and
the other to a universally conserved “perturbing” Lys-184 ¢oli numbering). This is the first structure

to show inhibitor binding at the second of two substrate-binding sites.

Porphobilinogen synthase (PBGSEC 4.2.1.24, also COOH
known as 5-aminolevulinic acid dehydratase) is a highly A HOOC = e, HOOC
conserved metalloenzyme that functions in the first common
step of the biosynthesis of the essential tetrapyrroles. The HG - /Y +2H,0
PBGS-catalyzed reaction is an asymmetric condensation \0 -
between two molecules of 5-aminolevulinic acid (ALA) as N N 7
described in Figure 1A. The crystal structure of the enzyme NH, : H
has been established for.PBGS from yeEst:herichia.coli A-side + P-side porphobilinogen
andPseudomonas aeruginogh—3). Some of the published ALA ALA
structures contain the bound inhibitor levulinic acid, a
complex analogous to the first enzyme-bound intermediate
(2—4F)), which isga Schiff base formedybetween the keto group B coon HooC ol coox
of P-side ALA (see Figure 1A) and the amino group of an
invariant lysine residue (see Figure 2A). These structures
delineated the locations of several different divalent metal =0 0=C C=0 j,C c=0
ions and the binding residues for the carboxylic acid moieties H3C/ —/
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Ficure 1: PBGS-catalyzed reaction and active site-directed inhibi-
tors. (A) PBGS catalyzes the asymmetric condensation of two
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A
Hs. MQPQEIVLHSGYFHPLLRAWQTATTTLNASNLIYPIFVTDVPDDIQPITSLPGVARY 56
Ec. TDLIQRPRRL {iKSPALRA . MFEETTLSLNDLVLPIFVEEEIDDYKAVEAMPGVMRI 55
Bj LDLAIRPRRN I KAEWARR . MVRENVLTTDDLIWPLFLIDGNNKREQIASMPGVERL 80
Pa. AYPYTRLRRN i RDDFSRR.LVRENVLTVDDLILPVFVLDGVNQRESIPSMPGVYERL 63
Ps,. LPIQRRPRRNZRSPALRS . AFQETTLSPANFVYPLFIHEGEED.TPIGAMPGCYRL 122
Hs. GVKR LEEMLRPLVEEGLRCVLIFGVPSRVP. . KDERGSAADSEESPAIEAIHLLR 109
Ee. PEKH LAREIERIANAGIRSVMTF. . .GISHHT. DETGSDAWREDGLVARMSRICK 106
Bj SVDQ.AVREAERAMKLTIPCIALF . PYTDPSLRDEEGSEACNPNNLVCQAVRAIK 133
Pa. SI1 DQ.LLIEAEEWVALGIPALALF PYTPVEKKSLDAAEAYNPEGIAQRATRALR 116
Ps. GWRHGLLEEVAKARDVGVNSVVLF PKIPDALKTPTGDEAYNEDGLVPRSIRLLK 175
Hs. KTFPNLLVACD c HPYTSHG "GLLSENGAFRAEESRQRLAEVALAYAKAGCQVY 165
Ec. QTVPEMIVMSD C HEYTSHG WGVLCEHGV . DNDATLENLGKQAVVAAAAGADFII 161
Bj, KEFPEIGVLCDVALDPFTSHGHDIGL! .ADGAILNDETVAVLVRQALVQAEAGCDI I 188
Pa. ERFPELGI ITDVALDPFTTHGQDIGILDDDGYVLNDVSIDVLVRQALSHAEAGAQVYV 172
Ps. DKYPDLI IYTD : DPYSSDGHDGIVREDGVIMNDETVHQLCKQAVAQARAGADVY 230
Hs. APSDMMDGRVEAIKEALMAHGLGNRVSVMSYSAKFASCFYGPGF R[iEHES A G 219
Ec. APSAAMDGQVQAIRQALDAAGFKD . TAIMSYSTKFASSFYGPF REZUEEE S AL G 213
Bj. APSDMMDGRVAAIREGLDQAGLID.VQIMAYAAKYASAFYGPF RS 1] e G 242
Pa APSDMMDGRIGAIREALESAGHTN VRIMAYSAKYASAYYGPF RIsEE S N L G 227
Ps. SPSDMMDGRVGAMRVALDAEGFOQH VSIMSYTAKYASSFYGP/F R[Z000S N P G 282
Hs. § RE QLPPOARGI.RLR#VDEDVREGRDMLHVEPGMPYLDIVREVKDKHPDLPL&V 278
Ec. WRIGSVIOMNPMNRREAIRISSLLDEAQGADCLMY _PAGAYLDIVRELRERTE.LPIGA 268
B KW I OCMDSANTDEALRGESVELDISEGADMYMY ' PGMPYLDVVRRVKDTFA.MPTFA 297
Pa. R KES W OMDPANSDEALH VAADLAEGADMVMY PGMPYLDIVRRVKDEFR.APTFV 282
Ps. 5] KL QHNPANYRE&LTEMREDESEG&DILI..V PGLPYLDIIRLLRDNSP LPIAA 336
Hs. YHVSGEFAMLWHGAQAGAFDLKAAVLEAMTAFRRAGADI I ITTYYTPQLLQWLKEE 330
Ec. YQVSGEYAMIKFAALAGAIDEEKVVLESLGSI KRAGADLIFSYFALDLAEKKILR 329
Bj YQVSGEYAMIAAAAGNGWLDGDRAMMESLLAFKRAGADGVLSYFAPKAAEKLRTQG 353
Paa YQVSGEYAMHMGAIQNGWL . AESVILESLTAFKRAGADGILTYFAKQAAEQLRRGR 337
Ps. YQVSGEYSMIKAGGALKMIDEEKVMMESLLCLRRAGADI ILTYFALQAARTLCGEKR 391
Key B Metal Ion Usage Summary
Active site residue and from loop Required Total divalent Mono-
Allosteric Mg2+ determinant _ catalytic  Allosteric per octamer valent  References
Determinant for no allosteric Mg2+ Human Zn none 8 no (18)
Cysteine ligands to catal E. coli In Mg 16 no (13, 26, 27)
Lysine forms Schiff base to P-side ALA B. japonicum Mg Mg 12 yes (8)
Active site lid region ; P. aeruginosa none Mg 4 yes  (3,14)

P. sativum Mg Mg 24 no  (515)

Ficure 2: (A) Aligned sequences of PBGS from human (H.E.)coli (E.c.),B. japonicum(B.}.), P. aeruginosgP.a.), ancP. satvumL.

(P.s.). Only the 330 amino acid core of the protein is illustrated. Additional N-terminal sequence information is omitted. All sequences are
numbered starting at what is believed to be the normal physiological N-terminus (for B.j. and P.s., not known). Amino acids known to lie
in the region of the enzyme active site are shown on yellow background. The residues on or in green approximate the location of the active
site lid, the sequence of which is not highly conserved. The region boxed in purple depicts a unique metal binding site that contributes
much of the active site diversity to the PBGS family of enzymes. It determines some of the metal ion requirements of these proteins. The
cysteines that are ligands to an unusual catalyti€™Zwe shown on purple; their presence or absence indicates whether a PBGS family
member requires 2 for activity. The red background shows the determinants for the allosterf¢ Mbich lies outside the active site

and at subunit interfaces. Tl coli PBGS sequence is the only one shown that has both the catalyticarid the allosteric Mg. The

blue background shows the compensating argingegine pair for PBGS that lacks the allosteric W@g16). Other mammalian and yeast

PBGS whose sequences are not shown have this argiserée pair. The lysine on cyan background is the P-side Schiff base-forming
lysine. (B) Summary of the known metal ion usage of the five PBGS proteins for which the sequence is illustrated.

Nevertheless, there is some evidence suggesting that subungignificant subunit interactions. Notably absent from the
interactions are essential to catalytic function (e.g.,5)ef crystal structures is information on the accepting groups for

One truly unique feature of the PBGS family of enzymes the four protons that are formally lost as water in the reaction
is an apparent switch between the use of an active site Zn illustrated in Figure 1A. Another uncertainty is the order of
and an active site Mg (6, 7). Although the location of Mg bond formation between the two ALA substrate molecules.
in place of the ZA" seen at the active site has yet to be It is not known if carbor-carbon bond formation (aldol
established by crystallography, there is substantial kinetic condensation) precedes or follows the intersubstrate carbon
support for ZA&*-free PBGS enzymes that absolutely require nitrogen bond formation. To address the latter question, a
Mg?* (5, 8). This apparent switch between Zrand Mg* series of potential bisubstrate and intermediate analogues
translates to a significant variation in the amino acids that have been characterized with PB@G5-(1). The analogues
occupy one area of the active site, as illustrated in Figure mimic structures that might be present in each of the two
2A. There may be mechanistic differences between thosemechanisms. The most recent results \itttoli PBGS have
PBGS that have Z4 at the active site and those that do been interpreted as supporting a mechanism in which
not. This difference in the active site structure and mechanismcarbor-nitrogen bond formation precedes carb@arbon
might translate into species-selective inhibition of tetrapyrrole bond formation 11).

biosynthesis, with the potential for commercial utility in The current work expands on studies of the most potent
agriculture and the pharmaceutical industry. inhibitor, the diketo compound 4,7-dioxosebacic acid (4,7-
The structural details derived from the existing crystal DOSA, illustrated in Figure 1B), which was found to act as
structures do not unequivocally define the catalytic mecha- an irreversible inhibitor oE. coli PBGS (L1). Because we
nism, the roles of the metal ions, or the mechanistically have engaged in the systematic characterization of PBGS
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from a variety of species, we have investigated whether 4,7-62 000 M%), Specific activity is defined as micromoles of
DOSA shows any selectivity in its potency with PBGS from porphobilinogen formed per hour per milligram of protein.

different species. The species investigated are huh2n (
E. coli (13), Bradyrhizobium japonicur{i, 8), P. aeruginosa
(14), andPisum satium (garden pea)q, 15). The sequences
of these five enzymes are illustrated in Figure 2A. Figure

Human mutant MinusZnA was assayed in the same fashion
as the wild type. For human mutant K252G the assay time
was extended up to 41 h. Enzyme concentrations were
measured with Coomassie Plus protein assay reagent (Pierce,

2B summarizes what is known of the divalent and monova- Rockford, IL) relative to a standard curve prepared with

lent metal ion utilization by these enzymes (see alsd 8gf
Investigations of the inhibitor with human PBGS is extended
here to include variants with specific mutations to active site
residues 17, 18). The structural basis for inhibition dt.

coli PBGS by 4,7-DOSA has been determined by X-ray
crystallography. The resulting 1.9 A resolution structure of
the covalent enzymeinhibitor complex formed in the

bovine serum albumin.

Inhibition of PBGS by 4,7-DOSAThe five species of
PBGS (1uM subunit) were preincubated under their optimal
assay conditions for 10 min at 3T prior to the addition of
4,7-DOSA over the concentration range of QM—2 mM;
the preincubation was allowed to proceed for an additional
100 min at 37°C before the formation of porphobilinogen

inactivation reaction reveals cross-linking to a second reactivewas initiated by addition of ALA to a final concentration of
lysine and suggests a mechanistic basis for the physiologi-10 mM. For human PBGS (0/2M subunit), preincubation

cally significant inactivation of PBGS by succinyl acetone
(4,6-dioxoheptanoic acid), a related inhibitor that occurs
during tyrosinemia.

MATERIALS AND METHODS

Materials.Most chemicals and buffers were obtained from
Fisher Scientific (Pittsburgh, PA) or Sigma-Aldrich (St.
Louis, MO) in the purest available form. 2-Mercaptoethanol
(BME) from Fluka (Buchs, Switzerland) was vacuum-
distilled prior to use. 4,7-Dioxosebacic acid (4,7-DOSA) was
synthesized and tested as described idtefll of the PBGS
enzymes used in this study were cloned and expresséd in

times of 10 min, 30 min, 100 min, and 16 h with 4,7-DOSA
were evaluated over the full range of [4,7-DOSA]. For pea
PBGS (1uM subunit), preincubation times of 10 min, 30
min, 100 min, 5 h, and 30 h were evaluated using 2 mM
4,7-DOSA. Most data were fitted to standard or cited
equations using the program SigmaPlot (SPSS Inc., Chicago,
IL).

Crystallization of E. coli PBGS Complexed with 4,7-DOSA
and Structure Solution. E. coRBGS (9 mg/mL in 50 mM
Tris-HCI, pH 8.0, 10 mMSME, 20 uM ZnCl,, 10 mM
MgCl,) was incubated with a 16-fold molar excess of 4,7-
DOSA (stock: 40 mM in 0.1 M Tris-HCI, pH 7.5) for 16 h.

coli, and their purification and detailed characterization have Crystallizations were carried out using the sitting-drop vapor
been described earlieb,(8, 12—14, 19). There are two diffusion technique at room temperature by mixing the
common kinetically comparable human PBGS alleles, N59 clarified protein solution with an equal volume of the
and K59 (12, 20). Human PBGS was the C162A variant of reservoir buffer containing 2.5% poly(ethylene glycol) 3350
the natural N59 isozyme and has kinetic properties closely (Sigma), 10% glycerol, 0.1 M Tris-HCI, pH 8.5, and 0.02%
resembling those of the wild typd. ). The human PBGS  sodium azide. The crystals with a diamond-like shape
mutants characterized were N59/C162A/H131A/C223A (called appeared in 43 days and grew to their final size in about
MinusZnA) (18) and K59/K252G (called K252G1{). 2 weeks. Cryoprotection was carried out by transferring a
Activity Assays for PBGS he routine enzyme assay was crystal to reservoir solutions containing 17%, 23%, and 30%
used which measures the formation of porphobilinogen from glycerol, respectively (3 min in each solution), and the crystal
ALA. The optimal assay conditions for human PBGS were was flash-frozen in a liquid nitrogen vapor. X-ray diffraction
0.1 M potassium phosphate, pH 7.0, 10 n@MIE, and 10 data were collected from one crystal (0:40.4 x 0.2 mm)
uM ZnCly; for E. coli PBGS, 0.1 M 1,3-bis[tris(hydroxy-  at 100 K using a MAR345 image plate mounted on a Rigaku
methyl)methylamino]propane hydrochloride (bis-tris) (BTP- RU-200 rotating anode generator equipped with OSMIC
HCI), pH 8.1, 10 mMBME, 10uM ZnCl,, and 1 mM MgC}; mirror optics, operated at 50 kV and 100 mA. The data set
for B. japonicumPBGS, 0.1 M BTP-HCI, pH 8.5, 10 mM  consisted of 132 frames corresponding to°lo8cillation
BME, and 10 mM MgCJ; for P. aeruginosaPBGS, 0.1 M exposed for 7 min each. Crystals belong to a tetragonal
BTP-HCI, pH 8.5, and 10 mM MgG] and forP. satvum system, space group42;2, unit cell parametera = b =
PBGS, 0.1 M BTP-HCI, pH 8.5, 10 mMME, and 10 mM 128.7 A andc = 142.8 A, and there are two subunit
MgCl,. Each PBGS was preincubated in its optimal assay molecules per asymmetric unit. Diffraction intensities were
solution (35ug mL™?, corresponding te-1 uM subunit) for processed with the HKL2000 suite of prograr@$)( Rmergd!)
10 min at 37°C prior to the addition of the substrate ALA- = 6.9% for 94 536 independent reflections, with complete-
HCI to a final concentration of 10 mM, which lowers the ness of 99.9% for the 351.9 A resolution range.
assay solution pH about 0.2 unit. The reaction was allowed The structure was solved by molecular replacement with
to proceed for 5 min prior to termination with a one-half the AmoRe program packag®3), using E. coli PBGS
volume of STOP reagent (20% trichloroacetic acid, 0.1 M structure coordinates 1b42) @s an initial model. Refinement
HgCl,). For P. aeruginoséPBGS the STOP reagent did not was carried out with program package CNE3)(with very
contain HgCJ. Precipitated protein an@ME were removed  weak noncrystallographic symmetry (NCS) restraints. At the
by centrifugation. The quenched assay solutions were dilutedbeginning of the refinement the NCS restraint weight was
1:3—25 with a 2:1 mixture of assay buffer and STOP reagent, 100; at the end it was 25. Model building was done with the
and then 0.5 mL of diluted solutions was mixed with 0.5 program O 24). The final model included one dimer of
mL of modified Ehrlich’s reagent. Color development was PBGS molecules complexed with two inhibitor molecules,
allowed to proceed for about 8 min, and the porphobilinogen 312 water molecules, two 2hions, and two Mg" ions.
formed was determined by absorbance at 555 apmy € The crystallographi®-factor is 19.8% and(free) is 24.9%
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inhibitor incubation times of 10 min, 30 min, 100 min, and

1.0 =

A 0.9 - 16 h, and inhibitor concentrations from 0.2 to 204. The
0.8 1 data indicate that the inactivation of human PBGS by 4,7-
0.7 1 DOSA is a function of time, is relatively slow, and at long

o g'g | times is impressively potent. For instance, whende4,7-

"50:4 _ DOSA and 0.2«M human PBGS subunits are incubated for
034 16 h, there is greater than 50% inhibition. The control
0.2 - reactions wherein inhibitor was omitted did not lose any
0.1 A significant activity.

0.0 vk Bro-e C A guantitative analysis of the inactivation data is shown
0.1 1 10 100 1000 as best fit lines in Figure 3. 4,7-DOSA is a symmetric
molecule that mimics C1 to C5 of each ALA substrate

B 1o molecule but lacks the C5 amino moieties (see Figure 1).
g"; ; The interaction of 4,7-DOSA with PBGS (I and E, respec-
071 tively, in the scheme below) is presumed to proceed in a
06 | manner analogous to the interaction of ALA with PBGS.

i; 05 The first interaction is expected to be one-half of the
04 inhibitor, C1 to C5, binding to the P-side ALA binding
0.3 pocket to form the H complex and the subsequent formation
0.2 1

of a Schiff base linkage between C4 and Lys-246, which is
the E-I complex. These two steps should be rapid and
reversible. At some point there is binding of C6 to C10 of
4,7-DOSA to the A-side ALA binding pocket. Since the
carboxyl group of A-side ALA has been proposed to interact
with arginines that derive from an active site lig),( one
might propose that this form of the enzymiahibitor
complex (E-1*) is less freely reversible than-H. Finally,
since we see an irreversible inhibition, the assumption is that
additionally covalent interactions occur to form-K and

the overall process of enzyme inactivation is complete. The
equation for the overall reaction can be written as

E+I=ElI=E-I=E-I* —E-X

0.1 4
0.0

0.1 1 10 100 1000
[4,7-DOSA] (uM)

01 ! 10 100 1000 Although this reaction is complex and more than one
[47-DOSA] uM alternate order of kinetic steps is possible, dissection of the
Ficure 3: Dose-response curves for various PBGS with 4,7- Kinetic interactions of 4,7-DOSA with PBGS is not expected
DOSA. Lines are the best fits to eq 1 in the text. (A) Inactivation to yield significant new information applicable to under-
of human PBGS by 4,7-DOSA. The inhibiteenzyme incubation  standing the normal PBGS-catalyzed reaction. Hence, for the

time (prior to addition of substrate) is 10 mi®), 30 min (gra : I . .
circlegl? 100 min ©), and 16 h ©). F)or these cu)rcves, the é%z;:ne purpose of analyzing the inhibition data, the approximation

subunit concentration was OuM. (B) Inactivation of a family of of a tight binding inhibitor is used according to the method
PBGS enzymes by 4,7-DOSA using a fixed 100 min inhibitor ~ of Copeland for estimating Kgvalues £5). This approxima-
enzyme incubation time. The species are hun@h E. coli (v), tion is consistent with the prior classification of 4,7-DOSA
B. japonicum (D), P. aeruginosa(©), and pea 4). For these a5 5 slow tight binding inhibitor oF. coli PBGS (L1). The

?g;er,?;éﬁgggzhthgfpLojﬁq'gﬁoggeggaggrsiimgreuili%mﬁu%g't'min inactivation data at each incubation time are fitted to the

incubation time. The wild-type variant N59/C162A i©) Mi- equation:

nusZnA (N59/C162A,H131A,C223A) is?), and the active site

lysine mutant (K252G) is®). The line used to illustrate the K252G vlo® = U[1 + (IC 5] (1)
data is not a fit.

) . whereu/1? is the fractional activity of the inhibited enzyme
for 1.9 A resolution data, and the RMS deviations for bond and [I] is the concentration of 4,7-DOSA. The apparen|C
lengths and bond angles are 0.018 A and.,Ir@spectively.  yajyes corresponding to 10 min, 30 min, 100 min, and 16 h
The coordinates have been deposited in the Protein Datas,, human PBGS are 7.8 0.4, 2.8+ 0.2, 0.98+ 0.06, and
Bank with the PDB code 118J for immediate release. 0.104 0.01uM, respectively. The data presented in Figure
RESULTS 3A show 4,7-DOSA to be a much more potent inactivator

of human PBGS than was previously reported for the

Kinetic Evaluation of the Inhibition of Wild-Type Human inhibitor with E. coliPBGS (1). Hence, we evaluated each
PBGS by 4,7-DOSAhe inactivation of PBGS by 4,7-DOSA  of the PBGS on hand to determine whether there is a species
is dependent upon both the concentration of the inhibitor selectivity to the potency of 4,7-DOSA against PBGS.
and the preincubation time of the inhibitor and enzyme prior  Inactivation of Various PBGS by 4,7-DOSAhe ability
to addition of substrate. Figure 3A illustrates this relationship of 4,7-DOSA to inhibit PBGS from humart. coli, B.
for the interaction of 4,7-DOSA with human PBGS using a japonicum P. aeruginosa and pea was determined as
fixed enzyme subunit concentration of Qu&1, enzyme- illustrated in Figure 3B. The assays used an enzyme
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inhibitor incubation time of 100 min and an enzyme subunit coli PBGS to 4,7-DOSA, we also investigated a second
concentration of 1uM. The enzyme concentration was human PBGS site-directed mutant, a®Zbinding mutant
dictated by a propensity of some (but not all) PBGS to known as MinusZnA18). MinusZnA is a catalytically active
dissociate into less active multimers at protein concentrationsmutant that does not contain the Zrthat is absent irk.
below 1uM (5, 8, 14). A comparison of the 100 min data coli PBGS but does contain the Znthat is present irE.
(open circles in panels A and B of Figure 3) illustrates that coli PBGS. As illustrated in Figure 3C, MinusZnA is
little changes when the human PBGS concentration is approximately 5-fold less susceptible than wild-type human
changed from 0.2 to ZM; in both cases the apparentsfC  PBGS to 4,7-DOSA inactivation. Thus, the existence and
is ~1 uM. These doseresponse curves were carried out at coordination of both types of Zhin the human PBGS active
the optimal activity conditions for each of the PBGS studied. site are seen to influence the binding or reactivity of 4,7-
The data illustrated in Figure 3B show a remarkable DOSA to the enzyme.
species selectivity to the 4,7-DOSA inactivation phenom-  E. coli PBGS Crystal Structure with 4,7-DOSFhe 1.9
enon. The lines are nonlinear best fits to eq 1 (above), andA crystal structure oE. coli PBGS that has been inactivated

the respective 1§ values for humark:. coli, B. japonicum by 4,7-DOSA was solved and is shown in Figure 4. A major
P. aeruginosaand pea PBGS are calculated to be £1  contribution of this structure is to show the likely position
0.1, 39+ 2, 390+ 30, 2100+ 100, and 240Gt 700 uM, of enzyme-bound A-side ALA. Unlike the complex &f

respectively, showing a dramatic 2000-fold variation in coli PBGS with levulinic acid (PDB code 1b4e), there is a
potency under these conditions. ThesJ@alues are not  PBGS dimer, rather than a monomer, in the asymmetric unit
related to the inherent specific activities of the PBGS from formed by a noncrystallographic 2-fold axis (Figure 4A).
these same species, which for the uninhibited samples used-our such dimers make up the PBGS octamer (Figure 4B)
herein are respectively 36, 69, 24, 52, and 23880l h™? around a crystallographic 4-fold symmetry axis. Both
mg 1. The IGy values also do not reflect any inherent monomers of the dimer show that complex formation has
differences in theK,, values for ALA, which under these occurred with 4,7-DOSA and that each monomer contains
assay conditions all lie in the range of 18050 uM. In two divalent metal ions at 100% occupancy. The RMS
general, the Z#T-dependent PBGS are found to be far more deviation between the € atoms of the two monomers of
susceptible to inactivation by 4,7-DOSA than those PBGS the dimer is 0.15 A, whereas the RMS deviation between
that do not require 4t (see Figures 2B and 3B). each monomer and the 1b4e structure is 0.32 and 0.34 A,
4,7-DOSA is such a poor inhibitor of pea PBGS that we respectively. Thus there are no significant differences
considered whether the inhibition might not be simply between the monomers of the dimer, although the conforma-
competitive and reversible. Hence, pea PBGS u( tions of some side chains, mainly those located on the surface
monomer) was mixed with 2 mM 4,7-DOSA, and the of the octamer, are sometimes different. The conformation
activities were evaluated after 10 min, 30 min, 100 min, 5 of the side chains and of inhibitor molecules in the active
h, and 30 h preincubation times. The resultant activities were site is exactly the same in both crystallographically inde-
71%, 63%, 54%, 50%, and 34%, respectively, compared to pendent molecules. The average temperature factor is 31.4
activities obtained without the inhibitor. We conclude that A2 for monomer A and 32.2 Afor monomer B, indicating
although 4,7-DOSA is a very poor inhibitor for pea PBGS, that both molecules have essentially the same degree of
the inhibition still occurs in a time-dependent manner and flexibility. Therefore, even though there is a dimer of PBGS
suggests that the inhibitor slowly forms an irreversible in the asymmetric unit in the crystal form containing 4,7-
complex with the enzyme. DOSA, both monomers are very much alike. This makes
Evaluation of 4,7-DOSA with Acte Site Mutant Forms  the structure of the current dimer very similar to that of 1b4e,
of Human PBGSThe interaction of 4,7-DOSA with PBGS  where a dimer is made by a purely crystallographic 2-fold
is presumed to rely partially upon the formation of a Schiff axis (space group422).
base between C4 of 4,7-DOSA and the active site lysine that The dimer reported here is remarkably different from the
normally interacts with C4 of P-side ALA. We thus examined one found in the structure of the asymmetric dimerPof
inhibition of a site-directed mutant of human PBGS, K252G, aeruginosaPBGS (PDB code 1b4k)3j. In that case,
which lacks this lysine moiety. Figure 3C illustrates the monomer B was found in an “inactive state” without any
interaction of human PBGS variant K252G with 4,7-DOSA metal ions bound, whereas monomer A was found in an
and shows that the mutant is dramatically less susceptible“active state” containing Mg at an allosteric site somewhat
to inactivation ¢6000-fold). Thus, we conclude that the distant from the active site. In addition, monomer B had an
inactivation of human PBGS relies on the formation of the average temperature factor about % lArger than that of
Schiff base intermediate with Lys-252 as presumed in the monomer A. The most significant difference between
scheme above. However, since all of the native PBGS havemonomers A and B was an important structural element, a
a comparable lysine, interaction with the P-side Schiff base- lid covering the active site cleft, which was disordered in
forming lysine does not explain the high sensitivity of human monomer B and ordered in monomer A. The buried surface
PBGS for inactivation by 4,7-DOSA. area between monomers comprising the dimer in the present
The data discussed above suggest that the cataly®it Zn structure is almost the same, 3067 versus 290thA b4k,
is one determinant for high sensitivity to 4,7-DOSA. suggesting that the number of contacts between the mono-
Although both human anB. coliPBGS require Z#f, human mers keeping them together is almost equal. However, the
PBGS has two kinds of 2 at the active site18) while surface areas of the monomers themselves are not the same,
the E. coli PBGS crystal structure (PDB code 1b4e) shows being 14 726 and 15 3882An 1b4k and 14 517 and 14 372
only one at the active site. To evaluate whether this difference A2 in the current structure, suggesting that in the latter case
contributes to the differential sensitivity of human a&d both monomers, and particularly the second one, have a more
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FiIGURE 4: (A) Stereo diagram of the 4,7-DOSA-inactivatédcoli PBGS dimer. The two monomers are shown in blue and redf, &n

in brown, Mgt is in orange, and the active site lid is in light green. The two active site lysine residues are shown as ball-and-stick models,
and the carbon atoms are colored according to the subait)ino is in dark blue. The atoms derived from 4,7-DOSA are shown in
ball-and-stick models with carbon atoms in green and the oxygen atoms in red. (B) Stereo diagram of the PBGS octamer where all subunits
A are in magenta and all subunits B are in dark green.

compact fold. As a result, the whole dimer in the current 246 in both monomers. Figure 5A illustrates an electron
structure is more compact with a surface area of 22 753 density map of the inhibitor bound to the enzyme. Each
versus 24 447 Ain the 1b4k structure. Superposition of our  inhibitor molecule forms two covalent linkages to the protein
dimer with that of 1b4k gives an RMS deviation of 1.13 A, as illustrated schematically in Figure 6. C1 through C5 of
while superposition of each of the respective monomers givesthe inhibitor are bound in a manner analogous to the inhibitor
an RMS deviation of 0.97 A for monomer A and 1.20 A for  levulinic acid contained ifE. coli PBGS structure 1b4e with
monomer B. Taken together, we can conclude that, unlike a Schiff base linkage between C4 and ¢h@mino group of
the 1b4k dimer, our dimer consists of two “active” mono- Lys-246. The comparison is shown in Figure 5B. The C1
mers. The ordered active site lid on both subunits is shown carboxyl oxygens of the inhibitor make hydrogen bonds with
in light green in Figure 4A. The current structure does not Ser-272 and Tyr-311. These residues are conserved among
explain the structural basis of some half-sites reactivity PBGS enzymes and have previously been identified as the
phenomena, like saturation at four enzyme-bound porpho- molecular determinants for the carboxyl group of P-side ALA
bilinogen, that have been documented biochemicallyEor (2, 3), which forms a Schiff base with Lys-246. The bond
coli PBGS (e.g., refl?). between C5 and C6 of the inhibitor has a distorted cis
Mechanism of Inhibition by 4,7-DOSAThe inhibitor configuration (torsion angle CAC5—-C6—C7 is ~65°) in
molecule was clearly seen in the difference electron density order to accommodate the second Schiff base linkage
map in the area of the active site next to Lys-194 and Lys- between C7 and theamino group of Lys-194. The Schiff
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Ficure 5: (A) Stereo picture of the electron density of the region around the inhibitor, Lys-194, Lys-246, and other active site components.
The carbon atoms derived from 4,7-DOSA are in magenta. Carbons from Lys-194 and Lys-246 are in black. Carbons from protein are in
green, nitrogen is in blue, oxygen is in red, sulfur is in yellow, ané"Zsa in black. The illustration shows &2 — F. difference electron

density map contoured at a level of.2(B) Stereo overlay of 4,7-DOSA (magenta) inhibited coli PBGS (green) with levulinic acid

(blue) inhibitedE. coli PBGS (red). (C) Stereo diagram of the coordination oM the allosteric binding site. Water molecules are
shown as red crosses, carbons from the A subunit are in black, and carbons from the B subunit are in green.
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Metal lons of E. coli PBGS. E. cdiBGS binds a total of
16 divalent metal ions which can be either 16°Zmr 8
Zn?* plus 8 Mg@* (26). In the latter configuration the enzyme
experiences an allosteric activation. Relative to the 18 Zn
form of the enzyme, the Mg-activated enzyme has a 2-fold
increase iVmay a 10-fold decrease in th&, for ALA, and
an increased affinity for the catalytically essentiafZ(27).

The allosteric M§", which has been called MgC, was first
seen bound to one-half the subunits of fheaeruginosa
PBGS structure 1b4i8J. It is located at the interface of the
o-barrel of one subunit and the arm of an adjacent subunit
(see Figure 4A). The molecular details of the MgC site in
the current structure are shown in Figure 5C. In the afitZn
E. coli PBGS structure 1b4e, Zhis seen at the MgC site.
The location and extensive hydrogen-bonding network

E. coli PBGS. The carbon atoms of 4,7-DOSA are numbered. ground MgC explain its previously demonstrated role in

Dashed lines indicate hydrogen bonds using a heteroatom distanc
of 3.1 A as indicating a hydrogen bond. The dotted lines indicate
the Zr?* ligand bonds, which are each2.4 A.

emaintaining the quaternary structure f coli PBGS 7).

Despite the kinetic differences between the &Zplus 8
Mg?* form of theE. coli enzyme presented here and the 16

base to Lys-194 is believed to mimic the Schiff base that Zn*" form seen in 1b4e, we cannot report any significant
normally forms between C4 of A-side ALA and the C5 differences in the first or second coordination spheres of the
amino group of the P-side Schiff base and Corresponds tometal ion that are outside the Uncertainty of the structure

the intermolecular carbemitrogen bond illustrated in Figure
1A. However, observation of this Schiff base linkage raises
the possibility that A-side ALA might normally form a bond
to Lys-194. The structure of 4,7-DOSA-inactivated coli
PBGS is the first example of the reactivity of Lys-194, which
is required to be uncharged for the Schiff base linkage to
form. The remainder of the A-side ALA half of the inhibitor,
C8 to C10, extends out toward the lid. The C10 carboxyl

oxygens make hydrogen bond linkages with three residues

(Arg-204, Arg-215, and GIn-219) in a continuous region of
sequence (Figures 2A and 4A), portions of which are
disordered in some PBGS crystal structures and thus
considered a mobile active site lid (residues 1269).
Several ordered water molecules are withiA of C8—C10.

Also illustrated in Figures 5A,B and 6 is the catalytically
essential Z&", an active site component that is shared by
human ance. coli PBGS but absent from those PBGS much
less sensitive to inhibition by 4,7-DOSA. The three amino
acid ligands to this Z# are cysteine residues that derive
from a metal-binding region of the sequence that is boxed
in Figure 2A. The sulfur atoms of Cys-119, Cys-121, and
Cys-129 are each 2.4 A from the Znand are arranged at

determination. The site is typical of an octahedral?Mg
complex with oxygen ligands, five of which derive from®l
and one from Glu-231. Octahedral, all-oxygen coordination
is atypical of protein-bound 2. For the six ligands to the
metal in the MgC site, the oxygetZn?" bond distances of
1b4de (1.9-2.1 A) are marginally shorter than the oxygen
Mg?2* distances found here (2-@.2 A). The M@" environ-
ment does not show communication with lysine residues on
the active site lid as had been seen in 1b4k. Since we see no
structural differences between Znand Mg in this site,
we propose that it is the rigidity of the Mgthat causes the
allosteric effect relative to Zt, which is far more accom-
modating of coordination change2§].

In addition to the 8 Mg" which bind to the MgC sitek.
coli PBGS has 8 Z4t, whose location and function have
been subject to a variety of inadequate interpretations (e.g.,
refs 13 and 26). TheE. coli PBGS structure 1b4e contains
Zn?* in the cysteine-rich site at high occupancy. The current
structure also shows that each of the subunits contains one
Zn?" comparable to the ZnB of human PBGS at 100%
occupancy. We herein conclude tliatcoli PBGS does not
contain a divalent metal ion binding site comparable to the
4 ZnA sites of human PBGS and that the &Zof E. coli

three corners of a tetrahedron. The fourth coordination partnerpBGS are equivalent and catalytically essential. Since the

of the Zrt* is a water molecule. This water ligand is 2.1
and 2.3 A from the Z# in the two subunits and respectively
3.6 and 4.0 A from the C7 of 4,7-DOSA. The angles (Zn,
0, C7) are both 122 Thus, it appears that the Znbound
water molecule most likely derives from C7 of 4,7-DOSA.
Hence, the Z#" is positioned to polarize the C7 carbonyl
of 4,7-DOSA, thus assisting in formation of the Schiff base
between C7 and the-amino group of Lys-194. For the
normal PBGS-catalyzed reaction, the?Zmwould be posi-
tioned to polarize the C4 carbonyl of A-side ALA, thus
assisting in formation of a Schiff base that could form to
Lys-194 or to the C5 amino group of P-side ALA. This

mechanistic uncertainty is discussed below. In either case,

the Zr#* is proposed to be a significant determinant in the
high sensitivity of the Z&"-requiring PBGS to inactivation
by 4,7-DOSA.

ZnA site was shown to be a determinant for the high
susceptibility of human PBGS to inhibition by $Pb(18),

this conclusion is consistent with the observation thatoli
PBGS is far less susceptible to inhibition by the heavy metal
toxin lead than is human PBGS.

DISCUSSION

Proposed PBGS Reaction Mechanishme first step in
the PBGS-catalyzed reaction is the binding of P-side ALA
and subsequent formation of a carbinolamine intermediate
between the keto group of P-side ALA and Lys-246
(numbered forE. coli PBGS). The carbinolamine is the
precursor to the P-side Schiff base. The formation of this
first Schiff base yields one water molecule formally derived
from the C4 oxygen of P-side ALA and two protons from
the e-amino group of Lys-246. Lys-194 is positioned to act
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Ficure 7: Proposed structure for the ternary complex of the Zn-
utilizing PBGS with P-side ALA as the Schiff base intermediate
and A-side ALA poised to form a second Schiff base to the amino
group of P-side ALA or to a second active site lysine.

4,7-Dioxosebacic Acid Inhibition of PBGSI

bound P-side Schiff base intermediate the invariant amino
group of Lys-194 is positioned onk¢3.0 A from the free
amino group of the P-side Schiff base intermediate and could
help to maintain the basic environment and favor formation
of the second Schiff base (model not shown). Thus, Lys-
194 may serve a dual role in facilitating the formation of
both Schiff base intermediates.

One would expect that if one role of the Zris to polarize
the C4 carbonyl of A-side ALA, then the water molecule
that is the second product of the Schiff base formation
reaction would end up as a ligand to the?ZnAs seen in
the enzyme-bound complex with 4,7-DOSA, a water mol-
ecule is indeed present as expected. However, 4,7-DOSA
does not provide the i amino group of porphobilinogen

as a buffer for these proton-transfer reactions as has beemwhich, based on out’C and*N NMR studies, has long

postulated Z). The distance between tkeamino group of
Lys-194 and that of Lys-246 is-2.7-4.8 A in available

been proposed to act as a?Ztigand 9). Both 4-coordinate
and 5-coordinate catalytic Zh are common. The 21

PBGS structures. The stereochemistry and protonation stateenvironment supports its role in polarizing the C4 carbonyl
of the P-side Schiff base are drawn in Figure 7 according to of A-side ALA but does not address whether the resulting

the results of a series 6fC and'>N NMR studies 29). The

formation of the P-side Schiff base does not require divalent

metal ions 80) and appears to be common to all of the

Schiff base forms to P-side ALA or to Lys-194.
In the normal PBGS-catalyzed reaction, two protons that
formally end up as water are derived from C3 of A-side ALA

PBGS. The crystal structures of PBGS provide no solid data (here analogous to C8 of 4,7-DOSA), and one proton derives

on the fate of the KD molecule that derives from P-side
Schiff base formation. In fact, the P-side binding pocket is

from C5 of P-side ALA (here analogous to C5 of 4,7-DOSA).
Inspection of the structure obtained herein shows the C3

formed by a group of conserved hydrophobic residues, which protons as pointing toward two potential bases. One C3

in E. coliPBGS are Phe-78, Tyr-191, Tyr-200, Phe-203, Tyr-

proton appears poised to be plucked off by théZmound

269, and Val-271, as can be seen in Figure 5A. This water or hydroxyl group. The other C3 proton is poised to
hydrophobic site could be considered hostile to a water interact with Lys-194. Removal of one of these protons will
molecule. However, there are a significant number of ordered alter the geometry of C3 and likely render the other base

water molecules that lie near the A-side ALA binding pocket.

ineffective. The second proton formally ends up on Lys-

It is possible that the formation and translocation of the water 246. Hence, the current structure provides no more certainty

derived from P-side ALA are part of what triggers the closing
of the lid and the formation of the A-side ALA binding
pocket.

as to the identity of the base that abstracts the first C3 proton
than previous structure®)(
The structural results presented here suggest a third

The next step in the PBGS-catalyzed reaction is the mechanistic possibility that follows formation of the ternary

binding of A-side ALA, which has been shown in mam-
malian PBGS to require the presence of the catalytit"Zn
(30). The transient ternary complex, illustrated in Figure 7,

complex illustrated in Figure 7. In this pathway, an enzyme
substrate Schiff base is formed between thé'Zolarized
carbonyl of A-side ALA and the-amino group of Lys-194.

cannot be observed because the production of porpho-In this case, one would call 4,7-DOSA a bisubstrate analogue

bilinogen inevitably follows. It has been proposed thatZn
acts to polarize the C4 carbonyl of A-side ALA, akiC

rather than an intermediate analogue. In this mechanism, the
two Schiff bases are almost parallel and thus perfectly

and!®N NMR studies suggested that the free amino group situated for an aldol-type reaction during which one Schiff

of porphobilinogen is coordinated to the Zn29). Hence,
the C4 carbonyl and the C5 amino group of A-side ALA

are drawn in Figure 7 as a bidentate ligand to the catalytic

Zn?*, not unlike that seen in carboxypeptida3#)( However,
the direct coordination between the A-side ALA amino group
and the catalytic Z41 is not fully consistent with all prior
inhibition studies and awaits resolutio8)(

base is transformed into an enamine and the other one stays
as an activated iminium ion.
One significant contribution of the current structure is the

visualization of inhibitor atoms C6C10 analogous to C1

C5 of A-side ALA and direct visualization of the interaction
of the C10 carboxyl group with three residues from the active
site lid, Arg-204, Arg-215, and GIn-219 (see Figure 6). This

From this point in the reaction, there are three possible is a strong indication that lid closing is associated with A-side

chemical pathways. One involves carbararbon bond

formation between the two substrate molecules. This mech-

anism forE. coli PBGS is not supported by inhibition data
(11). The other two pathways involve carbenitrogen bond

ALA binding. More significantly, however, it points to a

good reason for lid mobility in the PBGS reaction mecha-
nism. The structure shows tight binding of the propionyl side
chain of P-side ALA, and we have evidence that thé'Zn

formation, in one case between substrates and in the finalstabilizes the amino end of A-side ALA. During the reaction
case between A-side ALA and Lys-194. Because the C5 there are significant hybridization changes, particularly at

amino group of the P-side Schiff base is uncharged, carbon

C3 of A-side ALA. To accommodate these changes, we

nitrogen bond formation between substrates has been gpropose that the acetyl side chain experiences substantial

favored mechanism2@). The PBGS inhibitor 4,7-DOSA is

mobility throughout the course of the reaction. In support

designed to mimic the di-Schiff base intermediate that would of this notion, there are multiple hydrogen bonds between

result (L1). It is noteworthy that in a model of the enzyme-

the C10 carboxyl and Arg-204, Arg-215, and GIn-219 which
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might change in possible conformations. It is also interesting 6. Boese, Q. F., Spano, A. J., Li, J. M., and Timko, M. P. (1991)
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chemotherapeutic agent against some leuken38s The 19. Frankenberg, N., Heinz, D. W., and Jahn, D. (1988ghem-
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synthetic enzymes rather than a salvage pathway to sustain 20- Astrin, K. H., Bishop, D. F., Wetmur, J. G., Kaul, B., Davidow,

heme synthesis during infection, and succinyl acetone has 2(5. and Desnick, R. J. (198Ann. N.Y. Acad. Sci. 5123~

been shown to inactivate parasite heme biosynthesis in a 21. Otwinowski, Z., and Minor, W. (199 Rlethods Enzymol. 276
concentration-dependent manngé)( Thus, PBGS could be 307-326.

used as a novel drug target for the treatment of malarial 22. Navaza, J. (1994jcta Crystallogr., Sect. A 5057-163.
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